Axonal degeneration is a prominent feature of many neurological disorders that are associated with mitochondrial dysfunction, including Parkinson's disease, motor neuron disease, and inherited peripheral neuropathies. Studies of the Wld s mutant mouse, which undergoes delayed Wallerian degeneration in response to axonal injury, suggest that axonal degeneration is an active process. Wld s mice also have slower axonal degeneration and disease progression in numerous models of neurodegenerative disease. The Wld s mutation results in the production of a chimeric protein that contains the full-length coding sequence of nicotinamide mononucleotide adenylyltransferase 1 (Nmnat1), which alone is sufficient for axonal protection in vitro. To test the effects of increased Nmnat expression on axonal degeneration induced by mitochondrial dysfunction, we examined dorsal root ganglion (DRG) neurons treated with rotenone. Rotenone induced profound axonal degeneration in DRG neurons; however, this degeneration was delayed by expression of Nmnat. Nmnatmediated protection resulted in decreased axonal accumulation and sensitivity to reactive oxygen species (ROS) but did not affect the change in the rate of rotenone-induced loss in neuronal ATP. Nmnat also prevented axonal degeneration caused by exposure to exogenous oxidants and reduced the level of axonal ROS after treatment with vincristine, further supporting the idea that Nmnat promotes axonal protection by mitigating the effects of ROS.
Introduction
Mitochondrial dysfunction caused by mutations or toxic agents has been implicated in many neurodegenerative diseases, including those associated with axonal degeneration (Lin and Beal, 2006) . It results in a host of cellular abnormalities, including decreased ATP synthesis, disrupted mitochondrial fusion and transport, and the increased generation of reactive oxygen species (ROS) (Lin and Beal, 2006; Baloh et al., 2007) . The association of mitochondrial dysfunction with neurodegenerative diseases is perhaps strongest in Parkinson's disease (PD), which can be associated with mutations in mitochondria-associated proteins (e.g., DJ-1 and PINK-1) (Martin, 2006) and ingestion of 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP), an inhibitor of mitochondrial complex I (Langston et al., 1983; Betarbet et al., 2000) . It is generally accepted that environmental factors play an important role in the pathogenesis of PD (Sherer et al., 2002a) ; in particular, there is a strong association between PD and exposure to pesticides, including many that inhibit mitochondrial complex I (Semchuk et al., 1992; Gorell et al., 1998 Gorell et al., , 2004 Priyadarshi et al., 2000 Priyadarshi et al., , 2001 Ascherio et al., 2006; Brown et al., 2006) . Further studies have shown that the pesticide rotenone leads to dopaminergic neuron loss and PD-like symptoms in animals (Betarbet et al., 2000) .
Neurodegenerative disease is commonly associated with neuronal cell death, but it is becoming increasingly apparent that axonopathy is also a major component of many neurodegenerative diseases, including amyotrophic lateral sclerosis, PD, and Alzheimer's disease (Coleman, 2005) . Unfortunately, the molecular mechanisms underlying axonal degeneration remain poorly characterized. One model of axonal degeneration derives from studies of anoxic injury to axons, which leads to mitochondrial failure, decreased levels of ATP, reduced Na ϩ /K ϩ ATPase activity, and increased axonal Na ϩ and Ca 2ϩ (Stys et al., 1992) . These changes are followed by calpain activation and eventual axonal protein degradation (Coleman, 2005) . Studies of the Wld s mutant mouse, which exhibits slow axonal Wallerian degeneration in response to nerve injury, have led to the conclusion that axonal degeneration, like apoptosis, is an active process (Lunn et al., 1989; Raff et al., 2002) . Axonal degeneration is delayed by the wld s mutation in a wide range of disease models, such as the pmn mice, a model of motor neuron degeneration; vincristine treatment, a model of chemotherapy-induced neuropathy; and MPTP, a model of PD (Wang et al., 2001b; Ferri et al., 2003; Hasbani and O'Malley, 2006) , suggesting that a common "degenerative" pathway is activated by these insults that can be inhibited by this mutation.
The Wld s mutant mouse harbors a triplication of a gene fusion that produces a chimeric protein composed of the N-terminal 70 aa of ubiquitination factor 4b, a unique 18 residue linker region, and the full-length nicotinamide mononucleotide adenylyltransferase 1 (Nmnat1) protein (Conforti et al., 2000) . Using dorsal root ganglion (DRG) neuronal cultures, we previously demonstrated that the Nmnat1 portion of the Wld s protein is the moiety responsible for axonal protection (Araki et al., 2004) . Many studies in both rodents and Drosophila have confirmed these results (Hoopfer et al., 2006; Macdonald et al., 2006; Zhai et al., 2006) , whereas other investigators have suggested the Ube4b fragment may modulate the Nmnat protective effect (Wang et al., 2005; Conforti et al., 2007) . Notably, we found that Nmnat3, which is localized to mitochondria, also provides axonal protection from mechanical injury (Sasaki et al., 2006) . In the present study, we show that increased Nmnat protein expression effectively delayed rotenone-induced axonal degeneration in DRG neuronal cultures. Nmnat3 expression decreased ROS accumulation in neurons treated with rotenone but had little effect on the rate of ATP loss in these cells. We also demonstrate that Nmnat3 can prevent axonal damage resulting from exogenous application of oxidants, suggesting that Nmnat expression prevents axonal degeneration by decreasing the accumulation or damage caused by ROS generated during mitochondrial and/or oxidative injury. We show that vincristine, a known cause of axonal degeneration that is preventable by Nmnat (Araki et al., 2004) , induces ROS and that this increase can be prevented by Nmnat. Finally, we demonstrate that antioxidants are sufficient for axonal protection from rotenone-induced axonal degeneration, further supporting the idea that Nmnat-mediated protection occurs via mitigating ROSmediated damage.
Materials and Methods
Reagents. All reagents are from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Dissociated DRG cultures. DRGs were dissected from embryonic day 14.5 (E14.5)-E15.5 Sprague Dawley rat embryos. DRGs were dissociated with collagenase followed by trypsin and subsequent trituration through a fire-polished glass pipette. Cells were seeded onto Matrigel (BD Biosciences, San Jose, CA)-coated 24-well dishes and grown in DMEM containing 10% FBS, penicillin and streptomycin, and 3 M aphidicolin or, alternatively, in Neurobasal with B27 (Invitrogen, Carlsbad, CA) and 25 ng/ml nerve growth factor followed 24 h later by the addition of 1 M 5-fluoro-2Ј-deoxyuridine and 1 M uridine (Harlan Bioproducts, Indianapolis, IN). After 4 d in culture, all of the neuronal cultures were maintained in DMEM containing 10% FBS, penicillin and streptomycin, 1 M 5-fluoro-2Ј-deoxyuridine, 1 M uridine, and NGF.
Construction of lentiviral expression plasmids. The GFP plasmid (FUGW) was a gift from D. Baltimore (California Institute of Technology, Pasadena, CA). Nmnat1 (FCIV-Nmnat1) and Nmnat3 (FCIVNmnat3) were described previously (Sasaki et al., 2006) . Hexahistidinetagged-Nmnat1 (FUW-Nmnat1) and Nmnat3 (FUW-Nmnat3) (Araki et al., 2004; Sasaki et al., 2006) were cloned into the FUW plasmid without GFP (gift from D. Baltimore) to produce lentiviral transfer vectors without GFP expression for studies using ROS-sensitive fluorescent dyes.
Lentiviral infection of DRG neurons. Lentiviruses expressing transgenes were generated as previously described (Araki et al., 2004) . For infection of DRG neurons, lentivirus (10 5 to 10 6 infectious units) was added to an individual well of a 24-well plate containing ϳ5 ϫ 10 4 neurons. Transgene expression from the lentivirus was allowed to proceed for 4 -10 d before using the infected neurons for experiments. Viral infection and transgene expression was monitored, where applicable, by monitoring the GFP reporter via fluorescent microscopy.
Neuronal cell body death. Neurons were treated with rotenone or vehicle control and monitored for cell body damage by ethidium homodimer exclusion from Biotium (Hayward, CA). Ethidium homodimer was added to the cultures at the indicated time at a final concentration of 100 nM. For each condition, four fields with an average of 35 cells per well in each of four wells were examined using phasecontrast and red fluorescence merged images. Data were collected from two independent experiments.
Morphometric analysis of axonal degeneration. Dissociated DRG neurons were treated with the indicated chemical agents and imaged using phase-contrast microscopy with a 40ϫ lens at the indicated time points. A grid was created over each image using NIH ImageJ software using the grid plugin (line area ϭ 100,000). The cell counting plugin was used to score each neurite. Degenerating and healthy axons were counted in at least three high-power fields per image (ϳ20 neurites) for each well (the observer was blinded to the condition). Axonal segments were considered degenerated if they showed evidence of swellings and/or blebbing (n Ն 6 wells per condition from duplicate experiments).
Analysis of ATP levels. ATP assays were performed on neuronal cultures seeded at the same density lysed in 1% Triton X-100, 0.1 M Tris, pH 7.8, and 0.5 mM EDTA. Cell lysates were used in a luciferase-based ATP assay (Promega, Madison, WI), where ATP is expressed as a percentage of control based on arbitrary units of luminescence and then converted to micromolar ATP based on a standard curve (n Ն 6 wells per condition; results are from two independent experiments) (Chang et al., 2003) . ATP was measured under all conditions at the end of the treatment period.
Quantitation of ROS levels. ROS was measured using CM-H 2 DCFDA dye at 1.85 M (Invitrogen). The dye was added to neurons in serum-free DMEM without phenol red for 1 h, and the cells were washed twice with PBS. Fields containing exclusively axons were identified using phasecontrast microscopy. These fields were imaged using epifluorescence with a FITC filter and equal exposure times on an Eclipse TE300 microscope with a 40ϫ Nikon (Tokyo, Japan) Pan-Fluor lens. The mean intensity of the field minus the minimum intensity (to remove the background fluorescence of the field) was recorded; three fields per well were imaged from three wells per condition. Results are from two independent experiments. All conditions were measured at the end of the treatment period.
Visualization of mitochondrial potential. The methodology we used has been previously described (Ikegami and Koike, 2003) . Briefly, DRG cultures were treated with either vehicle control or rotenone for 6 h. Cultures were then changed to phenol red-free DMEM that contained the mitochondrial potential-sensitive dye Mitotracker Red CMXRos (final concentration, 25 nM; Invitrogen) and then costained with calcein AM (final concentration, 500 nM; Invitrogen), a small fluorescein-based molecule that is cleaved by nonspecific esterases and trapped inside the cell, to visualize the axons. Cultures were treated with 100 M FCCP for 1 h before imaging and during exposure to the Mitotracker Red and calcein AM dyes to depolarize the mitochondrial membrane. Cultures were incubated at 37°for 30 min and then washed twice with phenol red-free DMEM and visualized by fluorescence microscopy using the FITC filter for calcein AM and the rhodamine filter for Mitotracker Red.
Quantitation of antioxidant enzyme expression. RNA was collected from dissociated rat DRGs after 14 DIV. Five wells from a 24-well plate were pooled, and three pools for each condition were collected. RNA was prepared using Trizol (Invitrogen). First-strand cDNA templates were prepared using 1 g of RNA template from each pool using standard methods. Quantitative reverse transcription (qRT)-PCR was performed by monitoring in real time the increase in fluorescence of the SYBR-green dye on a TaqMan 7700 Sequence Detection System (Applied Biosystems, Foster City, CA). The expression levels were normalized to 18S ribosomal RNA to account for variations between the levels of total cDNA template across different samples. Each qRT-PCR experiment was performed in triplicate using three pools of cDNA template. The primers used are as follows: glutathione peroxidase 1 (GPX1), (Fernandez-Gomez et al., 2006) forward, 5Ј-GCAGATACACCAGGCGCTTT-3Ј; reverse, 5Ј-GGCTTCTATATCGGGTTCGA-3Ј; catalase (CATA), forward, 5Ј-GCACACTTTGACAGAGAGCGG-3Ј; reverse, 5Ј-CTTTGCCTTG-GAGTATCTGGTAATATC-3Ј; superoxide dismutase 1 (SOD1), forward, 5Ј-TCAGGAGAGCATTCCATCATTG-3Ј; reverse, 5Ј-CAG-CATTTCCAGTCTTTGTACTTTCTT-3Ј; SOD2, forward, 5Ј-CACAG-CATTTTCTGGACAAACC-3Ј; reverse, 5Ј-CCTTAAACTTCTCAAAA-GACCCAAAG-3Ј; 18S, forward, 5Ј-CGCCGCTAGAGGTGAAATTCT-3Ј; reverse, 5Ј-CGGCTACCACATCCAAGGAA-3Ј.
Statistics. ANOVA was used followed by individual comparisons with Student's two-tailed, unpaired t tests. Comparisons were considered significant with a p Ͼ 0.05 after Bonferroni's correction for multiple comparisons. Values are reported as mean Ϯ SEM unless otherwise noted.
Results

Rotenone treatment of DRG neurons results in axonal degeneration
The expression of Wld s , Nmnat1, or Nmnat3 in neurons protects against axonal degeneration resulting from damage caused by mechanical, genetic, or chemical injury Wang et al., 2001a,b; Ferri et al., 2003; Samsam et al., 2003; Araki et al., 2004; Gillingwater et al., 2004; Mi et al., 2005; Sasaki et al., 2006; Zhai et al., 2006) . The association between mitochondrial dysfunction and axonal degeneration in multiple neurological disorders encouraged us to investigate whether Nmnat expression could protect axons from damage caused by mitochondrial dysfunction. We used DRG sensory neurons, which we previously used (Araki et al., 2004; Sasaki et al., 2006) in our studies of Wld s -and Nmnat-mediated axonal protection after mechanical injury, to study axonal degeneration caused by mitochondrial inhibitors. We tested the effects of rotenone, a lipophilic complex I inhibitor that can be used in nondopaminergic neurons (Betarbet et al., 2000; Sherer et al., 2003) , on DRG neurons in concentrations ranging from 0.1 to 10 M. We assessed axonal degeneration using phase-contrast microscopy after rotenone addition and found that 1-5 M rotenone caused significant axonal degeneration by 24 h that continued to progress until, by 72 h, most axons had largely degenerated ( Fig.  1 A, B and data not shown).
To determine whether axonal degeneration preceded cell death in neurons exposed to rotenone, we performed a time course experiment in which we monitored cell body damage using an ethidium homodimer exclusion assay in conjunction with microscopic analysis of axonal degeneration. After 72 h, when 100% of axonal segments showed signs of degeneration, 51% survival of cell bodies were still intact ( Fig. 1 E) . These results, which indicate that axons are more susceptible to rotenone toxicity than neuronal cell bodies, are consistent with previous reports (Betarbet et al., 2000; Testa et al., 2005) . Additionally, because soma membrane permeability clearly lagged behind axonal degeneration, these results also demonstrate that cell death was not a prerequisite for axonal degeneration.
Nmnat proteins protect axons and cell bodies from rotenone toxicity
To determine whether Nmnat activity could protect axons and/or cell bodies against rotenone-induced mitochondrial inhibition, we infected DRG neurons with lentivirus expressing either GFP alone or hexahistidine-tagged Nmnat1 or Nmnat3 along with GFP. After infection, when Ͼ95% of neurons express GFP (as monitored by fluorescence microscopy), Nmnat transgene expression was clearly demonstrable by Western analysis (Fig.  1C) . Similarly infected neuronal cultures were treated with 2.5 M rotenone, and axonal degeneration and cell death were monitored using phase-contrast microscopy and ethidium homodimer exclusion, respectively. Whereas neurons expressing GFP alone manifested extensive axonal degeneration within 72 h, axons of Nmnat-expressing neurons showed no evidence of degradation until 96 h after rotenone addition ( Fig. 1 A, B,D) . Because the rotenone site of action and Nmnat3 localization are both in the mitochondria, Nmnat3 was used for the remainder of the experiments. The axonal protection afforded by Nmnat proteins in neurons treated with mitochondrial inhibitors, in addition to previous work demonstrating protection against mechanical injury or vincristine exposure, suggests that Nmnat is acting at a point in the degeneration process that is common to multiple types of damage.
To confirm that rotenone inhibition of complex I was specifically responsible for the axonal degeneration in these experiments, we treated DRG cultures with two additional complex I inhibitors, pyridaben (2.5 M) and fenpyroximate (2.5 M) (Sherer et al., 2007) . We found that both of these complex I inhibitors also caused severe axonal degeneration by 24 h. Furthermore, we found that Nmnat3 expression could clearly prevent this axonal degeneration, just as it had inhibited axonal degeneration caused by rotenone (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Nmnat expression also had a modest protective effect on cell death, although it was less impressive than the protection provided to axons. For example, whereas 51% of neurons expressing GFP alone excluded ethidium homodimers after 72 h of rotenone treatment, 68% of Nmnat3-expressing neurons were viable at 72 h (Fig. 1 E) . It should be noted that at 72 h, there is almost complete protection of axons, even though 32% of the cells no longer exclude ethidium homodimers (a late marker of cell death). This dichotomy is similar to results obtained using axotomy or growth factor deprivation, and emphasizes that the mechanism of axonal protection is different from (and perhaps independent of) those involved in the prevention of cell death.
Nmnat3 prevents oxidant-induced axonal degeneration
The accumulation of ROS as a result of mitochondrial inhibition has been implicated in the pathogenesis of several neurodegenerative diseases (Lin and Beal, 2006) . Excessive ROS production has multiple detrimental effects, such as DNA damage; oxidation of proteins, which leads to their subsequent inhibition; and oxidation of lipids, which creates toxic products, including 4-hydroxynonenal (Geller et al., 2001; Sherer et al., 2002b; Duarte et al., 2005; Keeney et al., 2006; Ramachandiran et al., 2007) . Because it is well known that rotenone induces an increase in ROS, we hypothesized that rotenone damage is initiated by ROS and that Nmnat might protect against ROS damage caused by exposure to exogenous oxidants. To test this idea, we treated DRG neurons infected with lentivirus expressing either GFP alone or Nmnat3 with 100 -300 M hydrogen peroxide (H 2 O 2 ). In cultures infected with GFP alone, there was significant dosedependent axonal degeneration after 24 h (Fig. 2 A) . In contrast, axonal degeneration from H 2 O 2 exposure was inhibited in neurons expressing Nmnat3 (Fig. 2 A) . To confirm the ability of Nmnat to prevent oxidant-induced damage, we also examined the effects of the organic oxidant tert-butyl hydroperoxide (TBHP). In GFP-expressing (control) neurons, TBHP caused extensive axonal degeneration within 48 h (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), whereas neurons expressing Nmnat3 showed no evidence of TBHP-mediated axonal degeneration during this time period (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). These data demonstrate that Nmnat can prevent axonal degeneration triggered by ROS and suggest that Nmnat-mediated protection is accomplished by decreasing the toxicity of ROS produced either endogenously or exogenously.
Protection of oxidant-mediated axonal damage by Nmnat suggested that it might act via increasing neuronal expression of antioxidant proteins, including superoxide dismutase, glutathione peroxidase, and/or catalase (Thiruchelvam et PCR to compare their mRNA levels in Nmnat3-expressing versus control DRG neurons. However, we found no significant differences in the RNA levels of these genes (Fig. 2C) , suggesting that Nmnat-mediated protection does not involve transcriptional regulation of these enzymes. , and axonal degeneration was monitored after 24 h using phase-contrast microscopy (*p Ͻ 0.01 compared with GFP infected cultures; 3 fields per well, 6 wells per condition from duplicate experiments; error bars represent ϮSEM). B, Representative images of DRG axons treated with 0 -300 M H 2 O 2 after 24 h and visualized by phase-contrast microscopy. C, Expression of genes encoding antioxidant enzymes. Quantitative RT-PCR analysis was performed using mRNA templates prepared from DRG neurons infected with GFP or Nmnat3 for 10 DIV. The mRNA levels of the antioxidant genes examined were not significantly altered by Nmnat3 (n ϭ 3; each sample represents 5 pooled wells; p Ͼ 0.1 in all comparisons; data are from a representative experiment).
Nmnat3 expression decreases axonal ROS levels
The axonal protective activity of Nmnat3 against ROS supplied by exogenous oxidant or generated intracellularly via inhibition of mitochondrial complex I led us to hypothesize that Nmnat expression may reduce rotenone-induced ROS accumulation and/or toxicity. To test this idea, we measured relative ROS levels in axons using a ROS-sensitive fluorescent dye, CM-H 2 DCFDA, and found that ROS levels were significantly increased in axons 6 h after rotenone treatment (Fig. 3 A, B) . The level of ROS continued to rise until 96 h after rotenone treatment, when the severely degenerated state of most axons in the cultures precluded a quantitative analysis of axonal ROS levels (Fig. 3A) . Interestingly, the increase in ROS, which is detectable after 6 h of rotenone treatment, substantially preceded any observable axonal degeneration (Fig. 3 A, B) .
To determine the effects of Nmnat expression on rotenoneinduced ROS accumulation, neurons were infected with Nmnat3 lentivirus that lacks the GFP reporter (to avoid interference with the CM-H 2 DCFDA fluorescence). The infected neurons were treated with rotenone (or vehicle), and ROS levels were measured 6, 48, or 96 h later. We found that neurons expressing Nmnat3 had statistically significant lower axonal ROS levels after rotenone treatment compared with controls ( Fig. 3 A, B ) and that this decrease in ROS was correlated with the slower axonal degeneration observed in these neurons.
Mitochondrial dysfunction is often accompanied by a decrease in mitochondrial membrane potential (Nicholls, 2004) , and others have suggested that dissipation of mitochondrial membrane potential precedes axonal degeneration and that the degeneration can be blocked if the mitochondrial membrane potential is preserved (Ikegami and Koike, 2003; Nicholls, 2004; Yang et al., 2007) . To determine whether rotenone caused a loss of mitochondrial membrane potential, we stained cultures with Mitotracker Red, a mitochondrial potential-dependent dye. However, consistent with other studies with rotenone (JohnsonCadwell et al., 2007; Marella et al., 2007) , we did not observe a collapse of mitochondrial membrane potential after rotenone treatment (6 h) at a time when rotenone-induced increases in ROS are already observed (Fig. 3C ). These observations demonstrate that Nmnat expression decreases ROS accumulation, suggesting that inhibition of ROS accumulation and/or toxicity is a principal mechanism by which Nmnat proteins protect against rotenone-induced axonal degeneration.
Nmnat3 inhibits ROS accumulation in vincristine-treated neurons
In addition to their axonal protective effects after mechanical injury or mitochondrial inhibition, Wld s and Nmnat proteins protect against vincristine-mediated axonal degeneration (Wang et al., 2001b; Araki et al., 2004) . Recent studies have shown that vincristine toxicity in cancer cells may be mediated by ROS and that treatment with antioxidants can inhibit vincristine-induced cell death (Groninger et al., 2002; Tsai et al., 2007) . We therefore tested whether vincristine treatment resulted in increased axonal ROS and whether Nmnat axonal protection of vincristine-treated neurons was associated with decreased ROS accumulation. We used CM-H 2 DCFDA fluorescence to monitor ROS levels in DRG neurons treated with 0.04 M vincristine for 0, 6, 24, and 48 h. Vincristine caused a modest, but significant, increase in ROS after 6 h (Fig. 4 A, B ) that continued to increase as axonal degeneration became apparent at 24 and 48 h after vincristine addition. In contrast, Nmnat3-expressing neurons treated with vincristine showed decreased accumulation of ROS at 24 and 48 h (Fig.   Figure 3 . Nmnat expression in DRG neurons decreases rotenone-mediated ROS accumulation. A, Representative images of DRG neurons treated with rotenone or vehicle for 0, 6, 48, or 96 h. ROS levels were monitored using the ROS-sensitive dye CM-H 2 DCFDA and fluorescence microscopy (left), and axonal degeneration was monitored using phase-contrast microscopy (right). Scale bar, 20 m. B, Quantification of ROS levels in DRG neurons treated as above. Rotenone-treated DRG neurons expressing Nmnat3 showed decreased CM-H 2 DCFDA dye fluorescence (i.e., ROS) compared with control neurons. ROS levels do increase in Nmnat3-expressing neurons when axonal degeneration becomes visible (96 h; # p Ͻ 0.05 compared with time 0 of each condition; *p Ͻ 0.05 compared with control culture at corresponding time point; n ϭ 18 fields from duplicate experiments; data are mean Ϯ SEM). C, Visualization of mitochondrial membrane potential. Neuronal cultures were treated with DMSO (control), FCCP for 1 h, or rotenone for 6 h, and then Mitotracker Red (mitochondrial membrane potentialdependent dye) and calcein AM (intracellular dye to stain axons) were added and visualized by fluorescence microscopy. FCCP decreases the staining of Mitotracker Red, consistent with a drop in mitochondrial membrane potential, whereas the staining in rotenone-treated neurons showed minimal changes compared with control neurons. Shown are representative images from three fields per well, three wells per condition (duplicated experiments). Scale bar, 20 m.
A, B).
Cultures were maintained for up to 96 h to demonstrate that Nmnat3 protected against vincristine-mediated axonal degeneration (Fig. 4C) . Although the primary effect of vincristine is microtubule disruption, these results suggest that it also stimulates ROS production and that ROS generation may play a role in vincristine axonal toxicity. Together, these data suggest that Nmnat-mediated axonal protection against a variety of insults results from its ability to inhibit ROS-mediated damage or signaling. This would imply, as suggested by others, that ROS-stimulated processes could be a point of convergence for multiple pathways that culminate in axonal degeneration (Arundine et al., 2004; Alexandre et al., 2006; Holtz et al., 2006) .
Nmnat3-mediated axonal protection occurs despite decreases in neuronal ATP levels
Cells treated with inhibitors of mitochondrial electron transport have decreased levels of ATP, along with an increased accumulation of ROS. Several studies have indicated that increased ROS levels, and not the loss of ATP, are the proximal causes for neuronal death induced by mitochondrial inhibition (Sherer et al., 2003; Watabe and Nakaki, 2006) . However, others have shown that Nmnat1-mediated axonal protection involves the maintenance of axonal ATP levels (Wang et al., 2005) . Although dampening the increases in ROS accumulation is clearly an important feature of Nmnat-mediated protection, we also investigated the effects of Nmnat expression on ATP levels in DRG neurons. ATP levels of DRG neurons treated with rotenone for various lengths of time were measured using an ATP-dependent luciferase-based assay. We found that rotenone caused 55.3 and 83.4% decreases in ATP levels in DRG neurons treated for 6 and 96 h, respectively (Fig. 5A) .
To test whether Nmnat3 promoted axonal protection via prevention of these rotenone-induced decreases in ATP, we treated Nmnat3-expressing DRG neurons with rotenone and monitored ATP levels. Nmnat3-expressing neurons had a small increase in basal ATP levels (control, 100 Ϯ 1.3% ATP; Nmnat3, 118 Ϯ 2.7% ATP). Rotenone treatment caused a rapid fall in ATP levels in both control and Nmnat3-expressing neurons, but ATP levels were always slightly higher in Nmnat3-expressing neurons (Fig. 5A) . We also calculated the rate of ATP loss for both control and Nmnat3-expressing neurons. During the first 6 h, ATP loss was rapid in both GFP-and Nmnat3-expressing neurons (GFP, 9.2 Ϯ 0.39% ATP/h; Nmnat3, 9.6 Ϯ 0.39% ATP/h). The rate of ATP loss slowed at later time points but was very similar in GFP-and Nmnat3-expressing neurons (0.3 Ϯ 0.07% ATP/h and 0.17 Ϯ 0.19% ATP/h, respectively). The initial decrease in ATP is likely a result of the inhibition of oxidative phosphorylation by rotenone, whereas the later and slower losses of ATP are presumably caused by axonal and cellular degeneration and death. Thus, even though axons of Nmnat3-expressing neurons were intact, their ATP levels decreased to a degree similar to those of degenerating axons of control neurons (Fig. 1 B, 2A, 5A) .
Although the differences in ATP levels between Nmnat3-expressing and control neurons did not correlate well with the extent of axonal degeneration, ATP levels were slightly higher when Nmnat3 was overexpressed. To further investigate the possibility that ATP levels were key to axonal degeneration, we treated cultures with tetrodotoxin (TTX; a voltage-gated sodium channel blocker). TTX treatment should serve to increase neuronal ATP levels, because it inhibits the influx of sodium and negates the need to expend ATP for maintaining axonal membrane potential via the Na ϩ /K ϩ ATPase (Stys, 2004) . In accord, DRG cultures treated for 6 h with TTX had a 20% increase in ATP (Fig.  5B) . In cultures treated with rotenone and TTX simultaneously, the presence of TTX dramatically decreased the rotenonestimulated drop in ATP (Fig. 5B) . Despite this effect on ATP levels, TTX had no effect on rotenone-induced axonal degeneration (Fig. 5B and data not shown) . These data indicate that increasing the ATP levels via inhibition of voltage-stimulated sodium influxes does not inhibit axonal degeneration.
To further explore the relationship between ATP levels and axonal degeneration, we treated DRG neurons with 2-deoxyglucose (2-DG), which inhibits glycolysis by blocking glucose uptake and phosphorylation but does not interfere with the mitochondrial electron transport chain or increase ROS levels (Sherer et al., 2003) . Treatment with 2-DG resulted in a 37.0 Ϯ 5.3% decrease in ATP after 24 h, but there was no evidence of axonal degeneration or increased ROS levels after 48 h (Fig. 5C and data not shown). Even long-term treatment of DRG neurons with 2-DG (18 d) did not cause axonal degeneration, although the low ATP level observed at 24 h remained throughout the treatment period (data not shown).
Antioxidants inhibit rotenone-mediated axonal degeneration without altering ATP levels.
The suppression of ROS accumulation by Nmnat proteins is reminiscent of that observed in cells treated with antioxidants, whose utility in preventing axonal degeneration secondary to mitochondrial inhibition has been suggested by others (Sherer et al., 2003 (Sherer et al., , 2007 Testa et al., 2005) . To determine whether antioxidants can protect against rotenone-induced axonal degeneration, we administered vitamin E (␣-tocopherol) in doses from 125 to 1000 M (corresponding to 0.052-0.47 IU/ml) to DRG neurons treated with rotenone and assessed axonal degeneration. We found that whereas axonal degeneration in control cultures (rotenone alone) began within 24 -48 h, axons from neurons treated with vitamin E remained intact for up to 120 h (Fig. 6 A, B) . To determine whether vitamin E also affected ATP levels, perhaps by directly blocking the actions of rotenone, we measured ATP levels at various times after rotenone treatment. As previously observed in Nmnat3-expressing neurons, vitamin E did not significantly suppress the initial loss of ATP (Fig. 6C) ; however, as axons began to break down (in the untreated neurons), a difference in ATP levels was observed.
Together, these results indicate that a decrease in ATP levels is insufficient to cause axonal degeneration. Furthermore, the degree of ATP loss, unlike ROS levels, did not correlate with axonal degeneration temporally or with Nmnat3 expression, suggesting that inhibition of ROS-initiated axonal degeneration rather than maintenance of ATP levels is the primary driver of Nmnat3-mediated protection against rotenone-induced axonal degeneration.
Discussion
Elucidating the mechanism and role of axonal degeneration in neurodegeneration is an important step in developing strategies for preventing and treating neurodegenerative diseases. We recently demonstrated that Nmnat1 and Nmnat3 expression can prevent axonal degeneration against a variety of insults, including microtubule disruption and mechanical injury (Sasaki et al., 2006) . This protection requires the enzymatic activity of Nmnat, which converts nicotinamide mononucleotide to nicotinamide Figure 5 . Nmnat3 does not slow rotenone-induced decreases in ATP levels. A, DRG neurons expressing Nmnat3 or GFP were treated with rotenone (2.5 M) for the indicated times, and ATP levels were determined using a luciferase-based assay. Note that Nmnat3 expression had minimal effects on the rate of ATP loss (*p Ͻ 0.05 compared with control at the indicated time; n ϭ 6 wells per condition read in duplicate from duplicate experiments). B, Left, DRG neurons were treated with 1 mM TTX for 6 h with or without 2.5 M rotenone, and ATP levels were determined. TTX increased ATP in both conditions (*p Ͻ 0.05 compared with non-TTX control; **p Ͻ 0.05 compared with non-TTX and nonrotenone control; n ϭ 6 wells per condition read in duplicate from 2 independent experiments; error bars represent ϮSEM). Right, Axonal degeneration was observed in the absence or presence of TTX at 24 h. C, Left, DRG neurons were treated with 2-DG (20 mM) for 24 h, and ATP levels were measured (*p Ͻ 0.05; n Ն 6; error bars represent ϮSEM). Right, DRG neurons were treated with 2-DG (20 mM) for 48 h. Representative phase-contrast images show no evidence of axonal degeneration.
adenine dinucleotide (NAD ϩ ) (Araki et al., 2004; Berger et al., 2005) , although recent studies in Drosophila neurodegeneration have suggested that additional Nmnat activities may also be important for synaptic protection (Zhai et al., 2006) . The importance of mitochondrial dysfunction in neurological disorders involving axonal degeneration, and the ability of the Wld s mutation to protect against MPTP-induced parkinsonism (Hasbani and O'Malley, 2006) , suggested that Nmnat proteins might prevent degeneration caused by mitochondrial inhibition. Here, we demonstrated that Nmnat expression robustly inhibits rotenoneinduced degeneration of DRG axons and provides modest protection to the neuronal soma. In exploring the mechanism of this protection, we found that Nmnat expression did not affect the rate of decrease in ATP levels caused by rotenone-mediated mitochondrial inhibition. Furthermore, we found that 50 -60% losses of ATP were neither necessary nor sufficient for axonal degeneration. However, Nmnat proteins inhibited axonal degeneration caused by external oxidants and decreased the accumulation of axonal ROS during rotenone and vincristine treatment, suggesting that they protect axons by reducing ROS accumulation or toxicity.
Interestingly, studies with the acute 6-OHDA and MPTP rodent PD models showed that the Wld s mutation provided robust protection against TH ϩ fiber loss but little or no protection of dopaminergic neuronal cell bodies (Sajadi et al., 2004; Hasbani and O'Malley, 2006) . These in vivo results are consistent with our findings and suggest that Nmnat-mediated protection is focused primarily on axons. The effects of Wld s have not been tested in the chronic rotenone model of PD, which more closely mimics the degenerative progression observed in PD patients, because this model only works in rats (Hornykiewicz, 1966; Betarbet et al., 2000; Richter et al., 2007) ; however, our results suggest that increasing Nmnat expression in this model may rescue axonal function and thereby prevent dopaminergic neuron death.
ROS has been implicated in the pathogenesis of neurodegenerative diseases, in particular PD, as well as in the deficits that occur in normal aging (Lin and Beal, 2006) . For example, complex I inhibition and oxidative damage to mitochondrial proteins have been observed in brains of PD patients, changes that can be replicated by treatment of isolated mitochondria with rotenone (Keeney et al., 2006) . Indeed, antioxidants provide protection for dopaminergic neurons in the MPTP, 6-OHDA, rotenone, and genetic models of PD in vivo and in vitro (Schulz et al., 1995; Matthews et al., 1999; Bahat-Stroomza et al., 2005; Testa et al., 2005; Wang et al., 2006) . In addition, RNAi-mediated inhibition of Drosophila PINK1, a kinase mutated in familial PD, resulted in losses of dopaminergic neurons and eye defects. These deficits could be rescued by expression of superoxide dismutase or treatment with the antioxidant vitamin E, suggesting that ROS was responsible for the damage (Wang et al., 2006) . Moreover, organotypic midbrain cultures treated with rotenone display loss of TH ϩ fibers, increased protein oxidation, and to a much lesser extent cell body shrinkage; deficits that are consistent with an axonopathy in which axonal degeneration precedes cell body loss. Similar to our findings, these deficits appear to involve ROS, because they could be prevented by coadministration with vitamin E (Testa et al., 2005) . Together, these results suggest that halting ROS-induced damage can prevent the damage caused by mitochondrial dysfunction.
Inhibition of the electron transport chain can cause apoptosis in human dopaminergic cells (Watabe and Nakaki, 2006) . Further study showed that ATP loss could not account for the induction of apoptosis in this model; instead, ROS production was necessary and sufficient to promote apoptosis of these cells. Axonal degeneration was not directly addressed in that study; however, the results are consistent with the idea that moderate mitochondrial inhibition causes damage primarily via excess ROS production rather than through abnormalities associated with energetic deficits (i.e., decreased ATP) (Bao et al., 2005) . On the other hand, some studies have suggested that preventing axonal Figure 6 . Vitamin E prevents axonal degeneration but does not affect initial ATP losses. A, DRG neurons were treated with rotenone (2.5 M) and the indicated doses of vitamin E. Axonal degeneration was quantified after 6 d of treatment using images obtained by phase-contrast microscopy (*p Ͻ 0.05 compared with control; n ϭ 6 wells per condition from duplicate experiments; error bars represent ϮSEM). B, DRG neurons were treated with rotenone (2.5 M) in the presence or absence of vitamin E (1 mM), and axonal degeneration was assessed by phase-contrast microscopy. Whereas axons in cultures treated with rotenone only were visibly damaged by 48 h, neurons treated with rotenone and vitamin E were intact at 120 h. C, DRG cultures were treated with rotenone (2.5 M) in the presence or absence of vitamin E (1 mM), and ATP levels were measured at the indicated time points. Vitamin E failed to prevent the initial loss of ATP (*p Ͻ 0.05; n Ն 6 wells from duplicate experiments; error bars represent ϮSEM).
ATP loss is a crucial aspect of axonal protection by Nmnat (Ikegami and Koike, 2003; Wang et al., 2005) . However, our results indicate that the rate of ATP loss is comparable in control and Nmnat-expressing neurons as well as vitamin E-treated neurons, suggesting that this is not the mechanism by which Nmnat protects against axonal degeneration. Furthermore, neurons treated with 2-DG for prolonged periods of time have up to 40% lower levels of ATP but show no evidence of axonal degeneration, providing additional support for the idea that decreases in ATP levels are unlikely to be the only driver of axonal degeneration. Finally, we showed that treatment with tetrodotoxin could mitigate rotenone-induced decreases in ATP yet could not prevent axonal degeneration. It appears that moderate ATP losses are insufficient for axonal degeneration; however, lower ATP levels could affect axonal stability by increasing neuronal susceptibility to ROS-mediated damage.
Others have shown that the Wld s protein maintains the mitochondrial membrane potential in vinblastine-treated SCG neurons, and they suggested that this may play a role in Wld smediated axonal protection (Ikegami and Koike, 2003) . Our results indicate that rotenone causes an increase in ROS without a collapse of the mitochondrial membrane potential. It is possible that rotenone does cause small changes in the mitochondrial membrane potential, but the physiological significance of small changes in mitochondrial membrane potential is unclear (Nicholls, 2004; Nicholls et al., 2007) .
We cannot exclude the possibility that ROS is simply a trigger to initiate axonal degeneration, much like axonal severing, and that Nmnat protects axons by blocking downstream targets of this signaling cascade. It is also possible that ROS accumulation is secondary to the initiation of this degeneration pathway; however, this is less likely, because axonal degeneration induced by exogenous oxidants can also be blocked by Nmnat expression.
Furthermore, Nmnat expression can protect axons from diverse insults, suggesting that the axonal damage in many of these paradigms may ultimately involve ROS, or ROS-mediated signaling. Although mitochondria are considered to be the major source of ROS, other sources of ROS production include membrane-bound NADPH-oxidase, a source of oxidative products induced in neurons by signaling intermediates, and xanthine oxidase, which produces ROS in neurons in response to hypoxia and glucose deprivation (Ibi et al., 2006; Abramov et al., 2007) . Other insults not directly linked to mitochondrial dysfunction, including taxol, vincristine, and mechanical injury, also induce ROS and neurodegeneration (Hall, 1987; Groninger et al., 2002; Arundine et al., 2004; Alexandre et al., 2006; Holtz et al., 2006; Tsai et al., 2007) .
The mechanism by which Nmnat proteins prevent the accumulation and/or toxicity of ROS is unclear. It does not appear that transcriptional changes for previously identified antioxidant genes are involved (Gillingwater et al., 2006) . Interestingly, the production and usage of NAD ϩ and its metabolites can play important roles in antioxidant responses (Mack et al., 2001 ). One possibility is that Nmnat proteins increase NAD ϩ availability without increasing NADH breakdown via oxidation, thus providing more NADH for conversion to NADPH, a cofactor for many ROS-scavenging enzymes (Mazzio and Soliman, 2003) . Alternatively, Nmnat proteins may have additional activities, such as antioxidant activity, much like peroxidases or dismutases. An undiscovered function of Nmnat, in addition to its role in NAD ϩ biosynthesis, could explain why Nmnat enzymatic activity is not required to block vacuole formation and neurodegeneration in the Drosophila retina (Zhai et al., 2006) . However, this is inconsistent with observations indicating that NAD ϩ and NAD ϩ precursors as well as other enzymes involved in NAD ϩ biosynthesis can also provide axonal protection after axotomy (Araki et al., 2004; Wang et al., 2005; Sasaki et al., 2006) . Identifying how increased Nmnat expression limits ROS damage may yield clues as to how it promotes axonal protection in general, as well as opening up new avenues for understanding how ROS causes axonal degeneration.
